Abstract. Ovarian cancer is the main cause of gynecological cancer-associated mortality around the world. despite initial responses to chemotherapy, frequent relapse occurs. daidzein is an important flavonoid and has been shown to exhibit a diversity of pharmacological properties, including antimicrobial and anticancer activities. However, information on the anticancer activity of daidzein against ovarian cancer remains limited. Therefore, the present study evaluated the anticancer activity of daidzein against a panel of human ovarian cancer cell lines and one normal ovarian cell line (Moody). The results revealed that daidzein exhibited potent anticancer activity against SKVO3 cells with a half-maximal inhibitory concentration (IC 50 ) of 20 µM. However, it exhibited comparatively lower activity against normal ovarian Moody cells, which had an Ic 50 of 100 µM. daidzein induced morphological changes in SKOV3 cells and mitochondrial apoptosis, as evident from DAPI, AO/EB and Annexin V/propidium iodide staining. This was associated with the upregulation of B-cell lymphoma 2-associated X protein, cytochrome c, cleaved caspase-3 and -9, and cleaved poly (ADP-ribose) polymerase. daidzein also triggered G2/M cell arrest through the downregulation of pcdc25c, cdc25c, pcdc2, cdc2 and cyclin B1. The effect of daidzein on the migration of SKOV3 cells was also determined, the results of which indicated that daidzein inhibited cell migration in a concentration-dependent manner and was coupled with concomitant decrease in the expression of matrix metalloproteinase (MMP)-2 and -9. Additionally, daidzein-inhibited cell growth was simultaneous with suppression of the expression of phosphorylated mitogen-activated protein kinase kinase and phosphorylated extracellular signal-regulated kinase. The present study also examined whether daidzein exerts similar activity against SKOV3 cells in nude mouse xenograft models and it was revealed that daidzein considerably reduced the tumorigenesis in vivo, indicative of the potential for daidzein as a lead molecule in the development of ovarian cancer chemotherapy
Introduction
Ovarian cancer is one of the most life-threatening gynecological malignancies. It accounts for ~3% of all cancer cases in women, with 240,000 new cases diagnosed annually and an annual mortality rate of 150,000 from ovarian cancer across the globe (1) . In the US alone, ~22,000 ovarian cancer cases are diagnosed and ~14,000 individuals succumb to mortality annually (2) . Ovarian cancer is often referred to as a 'silent killer' as 80% of patients show no symptoms of the disease until an advanced stage if the cancer develops within the ovaries (3) . It has been reported in the last few decades that 20% of patients diagnosed with ovarian cancer at an early stage have >90% survival rate (3) . Although efficient surgical interventions and the use of different combinations of anticancer drugs have shown promising results, the overall cure rate remains at only 30% (4) . due to the distinct biology of ovarian cancer, the selection of treatment options and effective drug combinations remain limited (4) . Therefore, there is an urgent requirement to examine novel and more effective drugs for the treatment of ovarian cancer. consistently, natural products have shown a diverse range of human health-promoting properties since times immemorial (5) . Natural products are mainly secondary metabolites synthesized by living organisms to adapt to and survive under extreme environmental conditions. Due to the tendency of these secondary metabolites to interact with enzymes, receptors and other cellular entities, they exhibit appropriate drug properties (5) . Statistical data between 1981 and 2010 have revealed that a number of natural products have been established as sources of novel drugs (5) . Furthermore, the diverse molecular scaffolds of natural products often exhibit drug properties (6) , and are considered essential for combinatorial (7, 8) and diversity-oriented synthesis (9) for the development of effective bioactive molecules.
Daidzein exerts anticancer activity towards SKOV3 human ovarian cancer cells by inducing apoptosis and cell cycle arrest, and inhibiting the Raf/MEK/ERK cascade
It has been reported that, of the 155 small-molecule anticancer drugs, the number of drugs that are natural products and/or synthesized from natural products accounts for 72.9% (10) . Among these, natural sources from plants represent an important source of anticancer drugs; and several plant-derived compounds are currently used as anticancer drugs or are being assessed in clinical trials (11) (12) (13) . Isoflavones are plant secondary metabolites with substantial pharmacological potential (14) . They are common food ingredients and, therefore, are considered safe (14, 15) . Several studies have reported that the consumption of isoflavonoids is inversely proportional to the risk of cancer (14, 15) . daidzein (7,4-dihydroxyisoflavone) , a flavone of plant origin, has been reported to exhibit anticancer activity against several types of cancer, including breast and ovarian cancer. However, the anticancer effect of daidzein has not been thoroughly investigated and the detailed mechanisms remain to be elucidated. In addition, the RAF/mitogen-activated protein kinase kinase (MEK)/extracellular signal-regulated kinase (ERK) signaling pathways have been reported to be crucial in the tumorigenesis and progression of several types of cancer, including ovarian cancer (16) . Therefore, the present study was designed to examine the anticancer activity of daidzein in vitro and in vivo, and to attempt to investigate the underlying mechanisms.
Materials and methods
Chemicals, reagents and cell cultures. daidzein (98% pure by HPLC) and other chemicals were procured from Sigma-Aldrich; Merck Millipore (darmstadt, Germany) unless otherwise mentioned. The normal human ovarian epithelial cell line (Moody), and the caov-3, OVAcAR-3, SKOV3 and A2780 human ovarian tumor cell lines were obtained from the Type culture collection of chinese Academy of Sciences (Shanghai, china). For culturing of the cells, RPMI-1640 media was used, which also contained fetal bovine serum (Thermo Fisher Scientific, Inc., Waltham, MA, USA) (10%) and appropriate antibiotics (streptomycin 100 µg/ml and penicillin G 100 U/ml). The cultures were maintained in an atmosphere containing 5% cO 2 at 37˚C.
CCK-8 assay for the assessment of cell viability.
The cell viability of the non-cancerous ovarian cells (Moody) and the ovarian cancer cells (SKOV3) was determined using a ccK-8 assay. In brief, 5x10 3 cells were seeded in a 96-wel lplate and maintained at 37˚C in a humidified 5% CO 2 atmosphere. Following incubation overnight, the cells were treated with varied doses of daidzein (0, 0.78, 1.56, 3.12, 6.25, 12.5, 25, 25, 50, 100 and 200 µM) for 24 h. Subsequently, 10 µl of CCK-8 was added into each well and incubated again at 37˚C for 1 h. The optical density (Od) at Od 450 nm was determined using a microplate spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and reported as a percentage of the control.
AO/EB, DAPI and Annexin V/propidium iodide (PI) staining.
The SKOV3 cells were cultured at a density of 2x10 5 cells/well in six-well plates, subjected to varied doses of daidzein (0, 10, 20 and 40 µM) and incubated for 24 h at 37˚C. The cells were then stained with a mixture of AO and EB. The stained cells were examined under the fluorescent microscope. DAPI staining was performed by incubating the cells in 6-well plates and treated with different concentrations of daidzein (0, 10, 20 and 40 µM). The cells were then washed with PBS, fixed in formaldehyde (10%) and the washed with PBS. The cells were subjected to DAPI staining and then examined using fluorescence microscopy. For the estimation of apoptosis, the cells were subjected to Annexin V/PI double staining, using a similar procedure to that used for dAPI staining, and was investigated using flow cytometry.
Determination of mitochondrial membrane potential (MMP).
The SKOV3 cells were cultured at 2x10 5 cells/well in a six-well plate and incubated for 24 h with 0, 10, 20 and 40 µM daidzein at 37˚C in an atmosphere consisting of 5% CO 2 and 95% air. The cells from all samples were then harvested and subjected to washing with PBS, and mixed with 500 µl of DiOC 6 (1 µmol/l) for the estimation of MMP at 37˚C for 30 min. Subsequently, flow cytometry was used to examine the cell samples.
Cell cycle analysis. Following staining with PI, the cells were subjected to flow cytometry for the evaluation of cell cycle phase distribution. Briefly, the SKOV3 cells were seeded at a density of 2x10 5 and treated with varied doses of daidzein (0, 10, 20 and 40 µM) for 24 h, following which the cells were harvested and placed in ethanol (70%) at 4˚C. Following overnight incubation, the cells were harvested and centrifuged for 10 min at 800 x g, washed in PBS and finally suspended in PBS (250 ml). This was followed by RNase treatment for ~20 min. The cell cycle phase was then determined using flow cytometry following PI staining.
Cell migration assay. The migration of SKOV3 cells was determined using a wound healing assay. Briefly, the cells were cultured until confluence. The SKOV3 cells were then treated with different concentrations of daidzein (0, 5, 10 and 20 µM) and a scratch was introduced to the cell culture using a sterile pipette tip, followed by incubation for 24 h. The wound healing capacity of the daidzein-treated cells was determined by comparing the wound length with that of the untreated control cells.
Analysis of protein expression by western blot analysis.
Total proteins from the untreated and daidzein-treated cells were isolated in RIPA lysis buffer. The concentrations of the proteins in each assay were determined by BCA assay. Equal quantities of protein extracts from each group were then run on SdS-PAGE gels (10%) and then transferred onto a polyvinylidene fluoride membrane. This was followed by blocking with 5% non-fat milk and incubation at room temperature for 1 h. The membranes were then incubated with a specific primary antibody (MEK, sc-6250; pMEk, sc-136542; ERK, sc-93; pERK, sc-7383; MMP-9, sc-176046; MMP-2 sc-176407; pcdc25c, sc-327; pcd25c, sc-56296; pcdc2, sc-12340; cdc2, sc-54; cyclin B1, sc-70898; p27, sc-1641; p21, sc-122305; p53, sc-47698; Cyto C, sc-65396; Bax, 623621; Bcl2, sc-509; pro-caspase-3, sc-113427; cleaved caspase-3, sc-176260; pro-caspase-9, sc-81650; cleaved caspase-9, sc-81663; PARP, sc-8007; cleaved PARP, sc-23461; Actin, sc-58673; GAPDH, sc-47724) overnight at 4˚C (all 1:1,000; Santa cruz Biotechnology, Inc., dallas, TX, USA), followed by incubation with horse radish peroxidase-conjugated anti-rabbit secondary antibody (1:1,000; sc-2372; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. The protein bands of interest were visualized using an ECL Advanced Western Blot Detection kit (GE Healthcare Life Sciences, Uppsala, Sweden).
In vivo xenograft experiment. For the xenograft study, the whole procedure was performed as per the animal ethics guidelines and was approved by the animal ethics committee of Huai'an First People's hospital, Nanjing University (Huai'an, China; approval no. NUX278/2016; 12 May 2016). The six-week old, immunodeficient nude mice (14 male and 14 female) weighing 25-30 g were procured from the Animal Centre of Nanjing University and housed in sterile stainless-steel cages in a 12-h light:dark cycle at 22˚C and with ~50% relative humidity. The mice received a subcutaneous injection in the left flank ofSKVO3 cells (5x10 6 ). As the tumors became visible, the mice were administrated i.p. with dMSO (0.1%), dissolved daidzein and diluted with normal saline at concentrations of 10, 20 and 40 µg/kg body weight. The doses were administrated three times each week (Monday, Thursday and Saturday) and the control mice received 0.1% dMSO in normal saline only. The tumor volume and size were estimated every week using standard procedures. during and at the end of the 4-week period, the mice were sacrificed by inhaling of deep anesthesia with isoflurane (2.5% of the oxygen supplied for 2 h) and organs were collected for further experimentation. The study was terminated at the 4-week end point as a marked difference was observed in the tumor volume and weight at this point.
Statistical analysis. The data are presented as the mean ± standard deviation. Statistical significance and IC 50 values were analyzed using GraphPad Prism demo, Version 5 (GraphPad Software, Inc., San Diego, CA, USA). Student's t-test was used for comparison between two samples, and one-way analysis of variance followed by Tukey's test was used for comparisons between more than two samples for statistical analysis. P<0.01 was considered to indicate a statistically significant difference.
Results

Daidzein exerts antiproliferative effects on SKOV3 cells.
The antiproliferative effect of daidzein against a panel of human ovarian cancer cells and normal (Moody) ovarian cells was evaluated using a CCK-8 assay (Table I ). The results indicated that, of all ovarian cancer cell lines, daidzein exerted the most marked dose-dependent antiproliferative effects on SKVO3 cells. However, daidzein was found to be less cytotoxic against the normal cells (Fig. 1A) . The Ic 50 of daidzein against the SKOV3 cells was 20 µM, compared with the Ic 50 of 100 µM for the normal ovarian cells. In addition, daidzein affected the morphology of the SKOV3 cells (Fig. 1B) . As daidzein exhibited the lowest IC 50 against SKOV3 cells, subsequent experiments were performed using only this cell line. As the concentration of daidzein was increased, the SKOV3 cancer cells became rounder, shrunken and detached from the substratum (Fig. 1B) , which are important morphological changes associated with apoptosis.
Daidzein triggers mitochondrial apoptosis. As daidzein induced morphological changes in the SKOV3 cells characteristic of apoptosis, dAPI and AO/EB staining were performed. The results indicated that daidzein induced apoptosis of the SKOV3 cells, as evident from the increasing number of nuclei stained white in the case of dAPI staining ( Fig. 2A) and showing orange fluorescence in the case of AO/EB staining (Fig. 2B) . To estimate the apoptotic cell populations, Annexin V/PI double staining was performed, and the results indicated that the proportion of apoptotic cells increased with the increase in the concentration of daidzein (Fig. 2c) . The apoptotic cell populations were 5.2, 11.3, 35.7 and 48.8% at the concentrations of 0, 10, 20 and 40 µM daidzein, respectively. Subsequently, the effect of different concentrations of daidzein on MMP was determined. The results indicated that daidzein caused a reduction in the MMP of SKOV3 cells in a dose-dependent manner (Fig. 3A) . Mitochondrial injury causes the release of cytochrome c (cyt c) into the cytoplasm and promotes apoptotic factors, which activate the caspase cascade and mitochondria-triggered apoptosis (14) . To investigate whether daidzein induces apoptosis via this mechanism in the SKOV3 cells, the expression levels of cyt c, B-cell lymphoma 2-associated X protein (Bax), BH3 interacting-domain death agonist (Bid), caspase-3, -9 and -8, and poly (ADP-ribose) polymerase (PARP) were determined using western blot analysis (Fig. 3B) . The results showed that daidzein increased the cytosolic levels of cyt c, Bax, cleaved caspase-3 and -9, and cleaved PARP, compared with levels in the control (Fig. 3c) .
Daidzein induces G2/M cell cycle arrest. cell cycle arrest is one of the important mechanisms by which anticancer agents exert their inhibitory effects. Therefore, the present study also determined the effect of daidzein treatment on cell cycle phase dissemination of the SKOV3 cells (Fig. 4A) . The results indicated that the number of SKOV3 cells was significantly enhanced in the G2 phase at doses of 0-40 µM daidzein, leading to G2/M cell cycle phase arrest (Fig. 4A) . Additionally, the populations of SKOV3 cells in the G2 phase were marginally enhanced at the dosage of 10 µM, moderately enhanced at 20 µM and markedly increased at 40 µM, indicating the dose-dependent effect of daidzein. Western blot analysis was then performed to investigate the effect of daidzein on the expression of G2/M cell cycle controlling proteins, including cyclin B1, cdc25c and cdc2, in SKOV3 cells. Treatment of the SKOV3 cells with daidzein led to a concentration-dependent reduction in the protein levels of pcdc25c (Ser216), cdc25c, pcdc2 (Tyr15), cdc2 and cyclin B1 in the SKOV3 cells (Fig. 4B) . Daidzein also caused an increase in the expression of p21, whereas no significant effect was reported on the expression levels of p27 or p53 (Fig. 4C) .
Daidzein inhibits cell migration. The present study also examined whether daidzein can inhibit the migration of SKOV3 cancer cells at the different concentrations using a wound-healing assay. The results of the wound-healing assay showed that daidzein reduced the migratory capability of the SKOV3 cells in a dose-dependent manner. In the control group, the cells exhibited the capacity to migrate, whereas treatment led to cells showing reduced potential to migrate, as shown in Fig. 5A . Additionally, daidzein caused a reduction in the expression levels of MMP-9 and MMP-2 in a dose-dependent manner (Fig. 5B) .
Daidzein inhibits the RAF/MEK/ERK signaling pathway.
The RAF/MEK/ERK signaling pathway has been shown to be important in the tumorigenesis and progression of several types of cancer, including ovarian cancer. Therefore, the Expression levels of (B) pCdc25c, Cdc25c, pCdc2, Cdc2 and cyclin B1, and (C) p21, p27 and p53. The experiments were performed in triplicate. pCdc25c, phosphorylated cdc25c; pcdc2, phosphorylated cdc2. present study evaluated the effect of various concentrations of daidzein on the RAF/MEK/ERK cascade. The results indicated that daidzein suppressed the phosphorylation of MEK and ERK in a dose-dependent manner (Fig. 6) .
Daidzein inhibits tumor growth in vivo.
To examine the anticancer effects of daidzein in vivo, it was assessed in nude mice xenograft models. The results revealed that SKOV3 tumor growth was significantly suppressed by daidzein administration, compared with that in the control group. At the end of the 4-week period of daidzein treatment, the average tumor growth and volume in the untreated control group were considerably higher than those in the treated groups (Fig. 7A and B) . In addition, the in vivo growth inhibitory potential was concentration-and time-dependent. The protein expression level of Ki-67 in the xenografted tumors was downregulated and that of cleaved caspase-3 was enhanced following daidzein treatment ( Fig. 7c and d) .
Discussion
Of all forms of gynecological cancer, ovarian cancer is responsible for the highest mortality rate, mainly due to diagnosis being at advanced stages (17) . Although the majority of patients react to debulking surgery and combinatorial therapy using taxane and platinum, there is frequent relapse of the disease due to intrinsic and acquired resistance. Therefore, novel options are required for the improved management and treatment of this disease at diagnosis and/or to offer an effective second line treatment. In the present study, the anticancer effects of daidzein against ovarian cancer cells were investigated. The results indicated that daidzein significantly suppressed the growth (Ic 50 20 µM) of SKOV3 cells. However, daidzein showed comparatively less cytotoxicity (IC 50 100 µM) towards the normal ovarian cells, indicating that daidzein selectively targeted cancer cells (Fig. 1) . These results are in accordance with those of previous studies, in which daidzein has been shown to suppress the proliferation of several types of cancer (14, (18) (19) (20) . daidzein treatment also triggered several morphological changes in SKOV3 cells, which are characteristic of apoptosis. Following this observation, DAPI and AO/EB staining were performed to examine whether daidzein induces the apoptosis of SKOV3 cells. It was observed that daidzein increased the DNA fragmentation, observed using DAPI, and led to an increase in orange fluorescence following AO/EB staining, which are changes indicative of apoptosis. These results were substantiated by the results of Annexin V/IP staining, which showed that daidzein treatment led to a significant increase in the apoptotic cell populations of SKOV3 cells (Fig. 2) . These results are supported by a previous report that daidzein induces apoptosis in cancer cells (20) . To determine whether the apoptosis follows the mitochondrial route, the present study determined the effect of daidzein on MMP, and it was observed that daidzein significantly decreased MMP, which was associated with upregulation in the expression levels of cyt c, Bax, cleaved caspase-3 and -9, and cleaved PARP, compared with levels in the control SKOV3 cells (Fig. 3) . It has been reported that drugs with apoptosis-inducing properties exhibit the potential to minimize potential drug resistance (21) and the results of the present study clearly indicated that daidzein had apoptosis-inducting properties, suggesting that daidzein may be an important lead molecule for the treatment of ovarian cancer. In addition to apoptosis, cell cycle arrest is another mechanism by which anticancer agents inhibit cancer cell proliferation. The results of the present study revealed that daidzein caused G2/M cell cycle arrest. Apoptotic cell death is triggered when explicit checkpoints are arrested during cell cycle. consistent with this, several anticancer agents cause cell cycle arrest and have been found to be clinically effective for cancer treatment (22) . The increase of cells in the G2/M phase prevents cells undergoing mitosis (23, 24) . Treatment of the SKOV3 cells with daidzein led to incomplete cell division, revealing that cells at the G2/M phase were unsuccessful in entering and undergoing mitosis due to the suppression of G2/M regulatory proteins, including cyclin B1, cdc25c and Cdc2 (Fig. 4) . p21WAF1 is an important inhibitor in modulating cell cycle progression (25) . There is evidence indicating that p21WAF1 is linked to suppression of the expression of the Cdc2/cyclin B1 complex (26, 27) . The results of the present study revealed that daidzein suppressed the expression of cyclin B1, cdc25c and cdc2, and increased the protein expression levels of p21/WAF1 (Fig. 5B ). However, daidzein had no significant effect on the expression of either p27 or p53. These results indicated that daidzein stimulated the expression of p21WAF1, which in turn triggered G2/M phase arrest of the p53-independent pathway. cell migration is one of the important characteristics of cancer cell progression and metastasis (28) , and the inhibition of cell migration may be beneficial in suppressing metastasis under in vivo conditions. In the present study, it was observed that daidzein inhibited the migration of SKOV3 cells, which was associated with a concomitant decrease in the expression of MMP-2/9 (Fig. 5) . dysregulation of the RAS/ERK pathway is common in all histotypes of ovarian cancer, and targeting this pathway may offer a novel alternative (29, 30) . Therefore, the present study determined the effect of daidzein on the RAF/MEK/ERK pathway, which revealed that daidzein inhibited the phosphorylation of MEK and ERK, indicating daidzein may be a potential candidate for targeting this pathway (Fig. 6) . However, daidzein-induced G2/M cell cycle arrest may not be linked to inhibition of the RAF/MEK/ERK pathway. Due to the complexity and cross talk between the pathways, daidzein may induce G2/M2 cell cycle arrest by a mechanism other than inhibition of RAF/MEK/ERK pathway and further investigations are require to elucidate this.
The in vivo evaluation of daidzein revealed that it markedly inhibitedSKOV3 ovarian tumor growth, compared with that in the untreated control group and induced with no apparent toxicity. The Ki67 and cleaved caspase-3 proteins are considered important cellular markers of proliferation and apoptosis, respectively (31) . The decrease in Ki67-positive cells and significant increase in the expression of cleaved caspase-3 suggested that daidzein effectively inhibited ovarian cancer cell growth in vivo and maybe an important lead molecule.
Taken together, the results of the present study indicated that daidzein exerted significant anticancer effects towards SKOV3 cancer cells by inducing mitochondrial apoptosis and cell cycle arrest. Daidzein also inhibited tumor growth in vivo, indicating that it may offer potential as a lead molecule in the management of ovarian cancer and warrants further investigation.
